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REMARKS 

PhLone Tnterview - 

Applicaiit£i thaxLic the Examiner for extending the courtesy of a phone interview on 
September 16, 2003 d.urmg which Applicants' representatives, Adeel Akhtar and Demijm 
Jackson, discussed with the Examiner the relevance of the skilled artisan's understanding of ALE 
to the cited art, but could not reach an agreement. 

In particuLar, diiring the Interview, the Exanoiner continued to assert that "DiMeo's 
teaching of 5 A layers being deposited per cycle meets Applicants* recitation of atomic layer 
epitaxy. Applicants disagreed with this inteipretation of the claims for two reasons. First, 
Apphcants recite ^'Atondc Layer Epitaxy," which is a well-recognized term of art that excludes 
DiMeo's CVr> princess teaching of simultaneous provision of mutually reactive vapor reactants. 
Second, Applicants recited alternate, self']imitm.g surface reactions, while DiMeo is externally 
mechanically limited. 

Additionally, the Examiner contmued to assert that DiMeo *s single Background reference 
to ALD can be combmed with the digital CVD method of the Detailed Description, a 
combination for which r.o suggestion has been provided. 

Claim Rejections 

hi the most receiit Office Action, the Exanodneor has continued to reject all pending claims 
as unpatentable over DiMeo (U.S. Patent No. 5,972,430) in view of Kirlin (U.S. Patent No. 
5,453,494) and/or MaiUi (U.S. Patent No. 6,020,024). In response, Apphcants argue that the 
Examiner has continued to misunderstand that atomic layer epitaxy (ALE) is a term of art which 
does not encompass ths^ prior art CVD processes regardless of whether or not those CVD 
processes are alternated or "digital" CVD processes. In addition, Apphcants assert that^ even if 
the Exanoiner can show that the art of record teaches ALE in general, the references, when 
combined, do not suggest ALE deposition using one of Applicants' recited cyclopentadienyl 
precursors. 

Rejected Claims 1-27 and 36-39 recite a layer produced by "Atomic Layer Epitaxy 
(ALE)" using a rcfdted i:yclopentadienyl precursor, the ALE method providing altemate *'self- 
limitiiig surface reactioris on the substrate." In addition. Claims 28-35 have been amended to 
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recite "self-limiting Ato:tnic Layer Epitaxy (ALE)." Accordingly, ail pending claims recite "self 
limiting'" reactions by "ALE" employing an cyclopaatadi^yl precursor, 

in the most rectait Office Action, Applicants respectfully submit that the Examiner 
contiaues to evidence a fundamental misimderstandiiig as to what ALE (otherwise known as 
ALD) encompasstis to tlie skilled artisan. For example, the Examiner argues that self-litnited 
ALE i$ taught LQ ^/laita by citing the reference's foimation of "one atomic layer at a time" using 
"nanolaminate processin.g.*' CoL 3, 11. 55-63. Based only on this ability to form atomic layers, 
the Examiner suinmaril/ concludes that **Maita et al. discloses that such CVD can have the 
individnal reactanis fio^^ed in to form atomic layers (L^ self limited thickness)'^ OJffiice Action 
at p. 4. (Emphasis Added). This is a faulty assumptioiL. It does not follow that, just because a 
given deposition methcd is capable of forming an atomic layer, the method is, therefore, 
inherently self-limited. ][^ikewise, the Examiner's assertion that DiMeo teaches ALE because the 
reference '^teaches about 5 angstrom thick layers which in turn suggest an attymic layer process" 
is similarly incoir*5ct. Office Action at p. 7 (Emphasis Added). The skilled artisan, would not 
conclude that any methrad capable of being manipulated to form atomic layers is s^i/^limited 
ALE, when DiMfi;o expressly teaches processes that are mechanically limited by timing the 
valves. In the absence of this mechanical control, 'DiMeo 's CVD process would otherwise 
continue deposition indefinitely. While DiMeo's process is **Hmited," it is externally limited and 
therefore not "self- limitiiig" by surface reactions. 

ALE (otherwise known as ALD) is a term of art which j as the sldlled artisan would 
recognize, does not encompass CVD. Instead, the skilled artisan would understand that ALE, 
unlike CVD, involves depositing a layer upon a substrate through aitemating, self-limited surface 
reactions. Applicants respectfully direct the Examiner to the enclosed Bedair article evidencing 
an example of the skiUecl artisan's understanding of ALE (as compared with CVD), an exceipt of 
which follows: 

hx contrast to MBE [molecular beam epitaxy] and MOCVD [metal organic 
chemical vapor deposition] growth, in which reacting precursors are introduced 
simuUaneofisly and reach the substrate surface together, ALE growth of TTT-V 
compounds, for example, proceeds by exposing the substrate surfaces to group TTT 
precursors in the absence of group V precursors, followed by exposing the substrate 
surface of group V precursors in the absence of group DI precursors. Accordingly, the 
basic principle of ALE growth is based on alternating ch^nisorption, surface reaction, 
and desoiption of the reactants. ALE growth is characterized by its self-limiting 
deposition procef;s...[and] ALE growth promises extremely uniform thickness and very 
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good growi:h tep]:oducibiiity,.-[, t]hese are difficult to achieve by conventional growth 
methods wlaere al:l the reacting species are mixed together on top of the substrate." 

Bedair, S.M.j "Al:omic layer epitaxy deposition processes," Journal of Vacuxam Science 
TecbnologyB, 12 (1), pp, 179 (Jan/Feb \99A)iEmphasi^ Added) ^ 

ALE deposition is inherently self-limited in that» once the substrate surface is saturated 
with a given reactant, tieposition effectively ends and no more of that reactant will adsorb 
regardless of the amount of that reactant flowed across die substrate. As a result, all that is 
required to deposit an atomic layer of a reactant is to ensure precursor is injected at or greater 
than the amotmt needed to saturate the substrate surface, Le.y overshooting the saturation point 
does not affect the deposition thickness. In other words, ALE automaticaUy effectuates a highly 
precise deposition without necessitating precise mechanical control over reactant suppHes. In 
contrast, the thickness oJ' a layer deposited by CVD is not self-limiting (even if it results iu one 
atomic layer being deposiited), but rafher is always supply dependent, i.e., thickness is controlled 
via injection and/or pulst: duration and a thick layer can be deposited in bulk with a single pulse. 
Accordingly, contrary to the Examiner's conclusions, CVD is neither "an equivalent variant to 
the related ALE....methoiJ," nor is it correct to conclude that a CVD method is self-limited just 
because it can be ixianipuliated to form an atomic layer. Office Action at p, 2 and 4. 

In view of the above, it is clear that the secondary references do not teach or suggest seLf- 
Umited ALE at aH, mucii less the ALE deposition of a cyclopentadienyl precursor^ as recited by 
Applicants. The ojaly relerence relied on by the Examiner which even mentions ALE is a single 
passage fi-om DiMeo's B'itckground section. Based solely on this single passage, the Examiner 
argues that "DiM&o et. al. [at] col. 1[,] lines 43-60 discloses that ALE is a form of CVD 
deposition useful of multi-component oxide deposition.*' OfBce Action at p. 6, On the contrary, 
this cited portion fimn DiMeo does not teach that ALE is a form of CVD, but rather teaches that 
*to]f the methods for forming multi-component oxide tliin Him layers, (CVD) methods and 
related epitaxial deposition methods, such as but not limited to atomic layer epitaxial (ALE) 
deposition methods, axe lo turn also presently of substantial interest." DiMeo, Col. 1, IL 44-50 
(emphasis added). 

In any event, even if the Examiner's characterization of the prior art were correct 
(Applicants maintain that it is not), the Examiner has still failed to show how this Background 
passage teaches or suggests anything about enqiloying one of Applicants' recited 
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cyclopentadienyl precursors m an ALE process. It is not enough to merely show that the DiMeo 
Background passage is m the same document as the digital CVD method. Instead, the Examiner 
must show a suggestion to combiae DiMeo 's Background teaching with fundamentally different 
teaclungs in 3XMeo*s Etetailed Description. The skilled artisan, when considering this ALE 
passage in the context oji'the entire reference, would conclude that DiMeo is entirely focused on 
describing a variant of a ■iion-$elf-limited CVD process without even a passing reference to ALE. 

Furthermore, the skilled artisan would understand the above-mentioned fxmdamental 
differences between CVI!) and ALE and, as a result, would recognize that the distinction between 
the choice of precursors for CVD and the choice of precursors for ALE is not trivial. The self- 
limiting operation charatiteristic of ALE depends, in part, on the choice of reactant and will not 
work with every reactant. For example, the enclosed Eedair article teaclies that "[c]autiou must 
be used m the selection of reacting species since they also determine the detailed ALE process." 
Bedair at p. 179, The Examiner cannot, without more, Just assume that aU precursors taught as 
desirable for CVX* are Jiutomatically functional in a fundamentally different process, such as 
ALE. Furthermore, even if the Examiner could show that CVD precursors would work in 
Applicants' ALE pioceiss (which has not been shown), the Examiner must still show the 
desirability of employing those paarticular CVD precursors in an ALE process. The Examiner has 
shown neither functionality nor desirability. As a result, the Examiner has not provided the 
requisite teaching or sugj^estion to combine DiMeo^s Background ALE passage with the CVD 
described in the IMMeo's Detailed Description (i.e., incorporated from Kirlin). Accordingly, 
Applicants submit that C'laims 1-39 are in condition for allowance and respectfully request the 
same. 

Applicants have tfilso amended Claim 16 to cotrect a typographical error. Accordingly, 
Applicants submit that Claim 16 is in condition for allowance and respectfully request the same. 
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CONCLUSIONS 

In view of the fori^going amendments and remarks. Applicants submit that the application 
is in condition for ailowEtnce and respectfully request the same, however, soncie issue remains 
that the Examiner feels can be addressed by Examiner^s amendment, the Examiner is cordially 
invited to call the undersigned for authorization. 



Respectfully submitted, 

KNOBBE, MARTENS, OLSON & BEAR, LLP 



Dated: 



Adeel S. Akhtar 
Registration No, 41,394 
Attorney of Record 
2040 Main Street 
Fourteenth Floor 
Irvine, OA 92614 
(415) 954-4114 
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Atomic layer epitaxy d| ;>sitiQn processes 

S. M. Sadafr 

Oepanment ofEJectriOil and tiimpuitr En^lnstrins, Nonh Carolma State University, Rpleigh, 
North Carolina 27695'792X 

(Received 23 March 1993; ai:MMtpted 20 September 1993) 

Atomic layer epitaiy (ALE) is eraeiging as a promising epitaxial growth technique for thickness 
connrol at the atomic level. Tht article outlines recent progress £□ ALE of m-V and St thin films. 
Also models describing the i.iJf-Iiniiring processes will be outlined. 



I, (NTRODUCTION 

Recent progEcss in epitaxfiil growih technology has led 
lescarch in semiconductoof msiterials : imd devices to a new 
cfa. With the advent of the mfitimty -ot molecolai^beam epi- 
taxy (MBE) attd metalorBanic cliemf,cal vapor dspositioo 
(MOCVD), ultiattiin semiconductor irnateriab; can be pre- 
pared routinely. Ehmng the j>ast deiiade, imarest has in- 
creased rapidly in exploriag new physiis, chemistjy, and ma- 
terials science of heterosttuctEres. A!so norel optical and 
electrical devices based on quaxtttun lijize efifccis have been 
f^ricatcd, principally in Ul-V compisunds. A new Bctiera* 
tion of heterostructuaral devices such as semiconductor lasers, 
rcsonam tunneling diodes (RnD)^ ranll:iquantunl well pboto- 
detectors, and high electron tno&ility transistors (HEMI^) 
were designed in accord with liie newly devdcped artificial 
inareriaJs. These stmctures, howevei; li^nire precise control 
m layer thickness and jnnctitin abmi^hiess at hctcroinie> 
faces. Both MBE and MCX:Vt) have been recognized tech- 
niques for the growth of ultratiain epittixial layers; however, 
achieving the growth of rtyo-dunensional (2D) hetexostnic- 
lures relies vcty much on prcciseneBS in the control (if 
growth pacatnetcrs such as growth ttimperamrc, flojces of 
source materials, gnd growth tirae, Ncv<:;rtheless, in diese two 
techniques, run-lo-nm ftproduiHbility , tor the grOM^^ of ul- 
ttathin beteroscructures becomtrs difificiiilt due to the cncvi- 
table slight variatictns in giowrth paiametets, which cause 
growth yield deterioration. Unibrtunatdy, in fabricating 2D 
heterostnictural devices like HEMT^ 3;ad qaantuni well la- 
sers» epilayer thickness oaifonnity and heteroinrer&ce 
abruptness are losaaUy very criticaL Tl'je demand fiir. easier 
coQtrol of film thickness uoitfbimity and hcterttjunctioii 
abruptness in growing sophisticated heijsrostrucniics encour- 
ages the resort to a growti^ proosss in wliich growth proceeds 
in monol^yer-by-monolayer fashion. 

Aicmic layer epitaay (AL3E) ts a recently developed 
gtowth tKhoique which has reo*ived mmch attention because 
□fits unique digital growth process,* In contrast to MBE and 
MOCVU . growth, in which reacting precmsois are intnv- 
(luced simuItatieou5iy and reach the ^i^iibstrate surface to- 
gcther^ AIE grciw^ of DI-V C4}mpouiidls,-fbr.exaiDpliiT pro- 
ceeds exposing the substrate ^ut&ces tg group HI 
precursors in the abstnce of group V pn::cuisors» followed by 
exposing the substrate surj^ce to group V precursois in the 
absence of group in pMcuisors, Acoorddngiy, the basic priij-^ 
ciple of ALE growth is based cm alteniiating chemisoiptionf 
surface reaction, and desoiptiCHi of ihe reactanis. A3LE 
growth is characterized by its seli-Iimiting deposition 



prociss;^'^^*' in which the growth rate is independent of 
growth parameters such as vapor pressure of the precursors 
and growth tetnper^nre^ but ts dependent on the munber of 
growth cycles and the lattice constant of the material. AUE 
also allows epitaxial growth of HI— V compounds to proceed" 
at low temperatures. As a consequence, ALE growth prom- 
ises extremely uniforni thickness and very good growth re- 
producibiH^ of heterointerface abruptness for the grown 
films. These are diEftcuU to achieve by conventional growth 
methods where all the reactiiig specres are mixed together on 
top of the substrate. This growth approach is a poteaually 
powerful growth technique for preparing epitaxial layers for 
ultrathin film devices. 

We will now briefly discuss the medianism of AI-E 
growth. A general ALE reaction fax growing compound AB 
from reactanis AX and BY can be described as 

AX[p>-^BY(^-.ABfaPCY<i^. 
The reaction can be divided into two steps: 
. AXtjijH- (AB>i^^AX- (AB)^b 

BY(gj+AX.CAfl)^-^AB -(AB>^+XY(gj, 
In this case gaseous AX chemisofbs on the compound AB 
surface, and the oncoming AX^ which only weaJdy phys- 
isotbs on the AX-(AB)j^, will be removed. When another 
gaseous reactant BY is introduced,, it reacts with the adsor- 
bate AX rfiemisoibed pn the AB substrate surface to form 
one monolayer Qf AB» and the gaseous leacting product XY 
IS femoved. 

^^ous choices of AX(^ and BY^g) have been util«cd'£or 
ALE growth. Among them are elements, metalorsanics, . 
metal-halidea, hydrides, and so forth. Owing to tK£ferences in 
chemical properties between source materials, each indl* 
vidual ALE process ina.y not follow the sarne reaction route, 
although the priuciple Of ALE growth looks veiy straights- 
ward. Consetjuently. caution must be used in the selectron of 
reactiiig species since they also detennine the dctailed-ALE 
process, ti general, the greater the difference between the 
chetoisorbed monolayer adsorbate's binding energy on the 
surface and the subsequent physisoibcd species binding 
ergy ot^ the formed tnanolayers, the bener the sclf-regulating 
characttristics of the ALE fwocess will be. Because thd 
source [sateEials have to be volatile enough at itormal growth 
tempemtures and prwiurcs, metaloiganics^ which are volatile 
in uBtuiei are often preferred instead ol elemental souxcs&l 

ALE growth of GaAs using TMOa and AsKj has been 
achieved in abaosphcric MOCVD« low pressure MOCVD, 
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Fro. I. Stimoiaiy of thp:e aiod e ls. erf At^ of OaAs usu)$ TMGa and AiHj: 
selective ad$ot))tiOft *)Iiiws rw TMOa dccojilpOsition on a Os-covered tur- 
fiwe. Adsenbate inhlbtcityn pro))Ib}t$ TWGi decon^Kitsition on a methyl cov- 
ered wrfux. IliB flux bt)32iicc lequiRS a balsow of adsoibing wi ^esoiMng 
melitylgallium e 



and chETOical-bctoi epitaxy (CBE) ^sterns. The operad'og 
pressures ranged fiom 760 to 10"^ Toir. NUhizavta et aO^ 
:attli2«d a CBS. sysxem fot the growth of GaAs by the so- 
caJied molecular-laver epitaxy tMI£)^ in wHcJj moDolay&f 
deposititra was acilkved at 500 Bedair et aL^ scbitrved 
ALE growth of GiiAs in » speeiaUy desired reactor and 
susceptor oiTefaced iLt atmospherii: pressure; the self-^iuniciiig 
growth was achie.vv4 fiom 450 to 700 DenBaajs et cL* 
also achieved ALB giawih at atmospbcnc pressure usin^ a 
convcniionfll MOCVD teactor *ritfa saturated monolayer 
growth being obsei'Vftd ' over the tcmpeiatiire range 445- 
4S5 ''C, Thti Fujitsu ^wp^ achieved ALE growttt ii^g a 
low pressum MOCi-T> system with TMGa and AsH^ being 
supplied as ;i fast piiJscd ga$ stream fi-oni a jet nozzle, ivhicL 



was found to be very effective in extending the monoUvi 
Vunhcr " -jwih window t46{>-550 "C). Tliey called this pa 
ticular^i^^p pulscd-jel epitaxy (PJE). 

(t. CURREKT PROPOSED ALE MODELS FOR IH-V 
COMPOUNDS 

The ALE growth process is characterized by the selt 
limiting process, indicating the indespendence of the giou-t 
mte <>n the <yf tiic teaoam gasess. Several models wer 
prapt»sed and are sumraarwed in Fig, 1. 

(l> The sclcctWc adsqrbite tnodel^' states that TMGa wi; 
not decompose on an atomic Ga-fich surface. It Was sup 
ported by x-iay phoioelection. spectroscopy (XPS) surfac 
studies showing no cari»n od TMGa dosed surfaces. Haw 
ever, XPS requires cooling and transpott frortt the giowt 
chamber to the XPS chamber, whIcH is a sigmficam chang 
in the enviroitnicnt for the substrate, TbSs modEl has beet 
completely excluded by a study demonstrating TMGa de 
composition on a Ga sorfeice.*^ 

(2) The adlsorbate inhibition model will not allow deconi 
position of TMGa on a mcthylgalHuitt species covcnci 
swrface.^^ It is supported by temperature programmed de 
5Oiptl0« OnPD) sttltKes showing the Hfetime of the metljy 
radicals under liatrahi^ -vacniim (UHV) conditions. This t 
not the complete picture, howevcii since at higher growij 
lempeiatuics the methyl lifetimes are much ttM short to ex 
plain our abiliiy to maintain MVcyde growih- 

(3) The &XX. balance model'^ requires a balance to ht 
maintained between desorbing monomethylgaUium (MMGa^ 
find adsorbing MMGa danng the TMOa eatposnjre, Thb 
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scttms lo b« an obvious reqiiiremcdt!, one wfaich had been 
previously overlook^. There musl goropensatioft for 
desorbcd MMGa fcnn the jiurfacc* jiptherwis* less than ML/ 
cycle growth wiU resulL However, the upper lempcratuxe 
limil of ALE growth has aJivays bc>:;n reponed to be charac- 
tcriasd by growth rates excfrtding th\i ML/cycIc; thus the flicc 
balance model is tioi complete eijEMjr. 

None of these models coinpJetcBy explain the collection of 
ALE GaA? data published and f^cjiected in T^lc 1. In this 
table,, we listed reported A3-E grawth coiuUticiiiS fisr GaAs^ 
using TMGa. Frotn the table, a widis ALE temperaniie win- 
dow was achieved by our group using the rotating substrate 
approach With provisions to reduce die gas phase reacdons 
by shearing Off Ihe gas boumJaty laytrr. This window is wider 
than that acblcved by other groups usmg near atmospbeiic 
pressure systems without any provijiiDn to reduce ^ phase 
decomposition of TMOa. However, it seems that tho UHV 
ALE approach where no gi^s pbss,it dccomposi^on occms 
should yield a Wider ALE window* ivhich is not the case as 
shown in Table I. None of fctte avaiJiible models spcoficaliy 
address why atmospheric irccssurc reacttte can maintain 
ALE at tEroperatures fax exceeding that of the UHV 
reactors/^ where the gas decompositioa is insignxScant. La 
the foflowing, we will discuss the main gas phase and sur- 
face tractioiis and by to explain, b&i^trd npon a finx baiatice 
of mediyl radicals near the substrate surface, why the rotat- 
ing substrate approach caq Evstain j^JJS. at higher tempera- 
tures. 



2 



TOO 
600' 


NN,t^ jsfiratc at 700 




Joa ■ 




" 0^ Sta 
- 0^*cc 


40d ' 




" 1 3« 






° 2 MC 


$00 


Subnnte at MO *C 




4g» 






300 






600- 


SobmafB at £Qd ~C 




500 1 






400. 

340 







93. OA OjS 

Height Above SxihstcstQ (c^n) 



111. GAS PHASE REACTIONS 

It is impoxtant to .examine the gas phase detAmposition of 
TMGa in H3 for an underslajlding of ALE in a MOCVD 
reactoc The region above the substtioie where the tempeta- 
lore is hi g h enough for decomposition gf TMGa lo occur is 
the chemical boundary layei:'''' ]Aeacc:^r conditions leading to 
the complete deooittpositioii of TMG a in the gas phase rep- 
resent the absolute limit of ALE in tho MOCVD environ* 
menL Therefore, the diaracicsiistlcs <if this chemical bound- 
ary layer and -the time an incoming Ti^ifGA molecule spend in 
it are important reactor dcsiga issoes. 

The chemical boundary Ltyer for TMGa established by 
the gas phase lenqieiature at wfaich k decomp^raes lo Ga 
other Ga species has beca proposed to begin at 400 "C^^The 
thermal pro5Ie in the hydTO$>»d cairiiiir for me TMGa abfWc 
the hot substrate is therefore ciridcal £:» ALE in the MOCVD 
reactOE. Since the lOtating sus<»ptof m onr reactor cuts into a 
relatively cool H2 TMGa gas stream iind then begins to he%t 
this gaseous layer tip to die inibstrattt tempcramrCr the ther- 
mal profile is transient. Estiotates of these transient dieimal 
profiles were made" for substrate texttpeiatwes of 500» 600, 
and TOO by soWing the hest coiidai;tian equatioa Eat a Bat 
plaie at a given substrate temperature,, headng at a given 
height above the substrate (y) as a jEimiclion drac the bound- 
ary conditions arc 3:*h,a»a«i~^a*Hrits inteifitce (k=0> and 
^hj4n)gfiB^^ as y— lilt transienlt pnx&les are shoWn in 
Fig. 2 for snbstrate tcmperatjiires of 500. 600, and 700 "C. 
Penment TMGa exposure times are itKanded to indicate the 

^IVsrr B • M|cn»toctranfe« and MBnomM»ar Simeturw 



f KJ. 2. Tranafen* ibcmMl profile in the Hj abw ihe hoi substrate iot a 
aibsirtte icmpcTstwe SOa 600, and 7oo*C for i*vetai tMGa «ip«ii*« 



strong dependence of the gas phase ttiermal ptoSIe on expo- 
sure time increments' of ftactions of a second at high siib- 
strate temperatures. At a substrate temperature of 500 'C, for 
example, and a 0.2 s eiqxisuTc to TMGa the gas friiase tern- 
P«^*»fe ^hjintfa k greater dian 400 *C at a height of 0.2S 
cm. above the substrate. As the substrate temperature is in- 
creased, the thennai profile expanids and the chemical boimd- 
aiy layer gets' thiclcer £ar the same exposure time to the 
TMGa>3f^ Stream. Another exanqile is for a substrate tetn- 
perature at 700 *c; as shown in Fig. 2. At thts snbstratc 
temperature the Ihickiiess of the chemical boundary layer, 
where rhy(iMgpB.^40Q 'C. has tncicased to 0.65 ctbu fiir a 0^ s 
TMGa exposure. Therefore, the volume where gas phase dc- 
coDposidcHi of the TMGa molecule is more Ulcety has in- 
creased, and die self-lunidng characteristic at bi^icf grovrth 
ifiinpctatiues exhibits a nanowcr (on the order of ftacdons oif 
a second) window of eiqposttre times to the TMGa/H2 stream. 
Howtivei; in most other MOCVD reactors the effective 
ITdOa cxposnre is' 1 s or longei^ making hig^i temperature 
ALE difficult, as shown in TMMe L 

From the gas phase decomposition of TMGa argumtnts 
alone, the ALE temperature range itt the UHV reactor should 
extend beyond that of the MOCVD. On the cootraiy, the 
UHV data demonstrate a narrower ALE temperature window 
Hian MOCVD. and diis has been explained by the Umicattons 
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establisJied by ific Uietims of surface-adsorbed CH3, referred 
to in thii ocxl frr " ^n. ' * 



IV. METHYL BADICAL BALANCE MODEL 

Based ftptuj the system-dapeivdent AUE tcmptraturc 
rangES and the aljove-menrioned gas phase and stnfect le^- 
tioDS, wft propoiie the methyl radical biilance as the sftlf- 
Jimiting ALE tnechanism* Tte smfect xcust be stabaised 
wlOi mono- or dzDisthylsaJlium molecules which arc selec- 
tive against cherojsoipiiDii of TMGa. Hovisva; a iMJancc 
between dcsQipliiw of the oicibyi tadicals ftpm the monom- 
cthylgallium (MltlGa) molecule^ at the siaf^cc and sdsorfV' 
titm of niefbyls the gas phase for the MOCVD type 
jeacaor is fequiiM^d during tht: TMGa ekpostut:. The self- 
liming jKLE catii be lost by two means^ vhIcA may be a 
function i)f teacbif type (pntsstue), growth lecspemtaft, and 
gas flux. 

(3) If C6n^>hls gss phase dccxtoiposirion of inconung 
TMGa molecules leads to a suiibcc covered with atomic gal- 
Unni during the l'M<ja estpctsure, ^e surface of atcmiic gaJ^ 
lium will .not be si:!lf<Iinittiag to ftuther Ga m- TMGa c^emi> 
sorptioa. 

(Z) Mcitbyis at ^he suifece ^tsoib feister than tjicy can be 
rejjlaccd fn?m the gaseous boundary layer, opemnj^ up sites 
of atomic Ga Mpooti which TMGa can chtmicaDy atfeoib. The 
desocption of MM:G& is not a problem as long as therc.i$ a 
fliix cf TWtGa to rrplace it, and as has been suggested, ttiett 
is probably a balnnce c*f adsorbing MMGa and dcsorfaini; 
MMGsL^^ Thus thv, laethyl radical balance niodel ^ving thc^ 
CondJtJpn (Ctr ALE self-limiting process can be snnpiy stated 



Where ts the i^Hs fltot impin^g on tbc surface and is 
originated from the gas phase* and 4itsacp&Mt ^ desotptioa 
rate for CU3 firom i;hc Ga(CH3) ad^orijed spmes. 

For tSss. high v^wunm case, Uie self-'lisjinag state is deter" 
ixixned by ihc lifetioie of meibyl ladicais adsorbed at tlte 
sut&ce ut'dt« moRO'- or dtmetbytgaUiuts. Tlietc is. no bound' 
aty layer to pwvi^. a aouice ctf leplacemem of methyl radi- 
cak, ^d (fesotbiag tttethyl radicals are not Ufcely to nma to 
ihe suREace $ince tiaeir meaB-^ree-path is Jaige. If WAG9 
<lesoibs it can anq^ be replaced by the incoming flux of 
TMGa. If a methyl i:Eesoib5 for the snr^M^e MMGa molcsvtCr 
however, the resulting Ga atom is no longer setf-Hiiuling: 
against the jacominr. TMGa fiox and the grovnii rate exceeds 
ML/cycIe. Thus, ADB in the UHV enviiroujienc pr(««Lbly has 
a lemiMj^mi-e limit &t»n ttw siuface Jcinetics that c^mat be 
ckcmnvenied: . 

MOCVD type rciiStarSt boweve^ sbould be sble to extsod 
the MM teniperaturti r:ui^e by decreashns the TMGa expo- 
sure time to inHuniijfe gas phaM <deco4ipa£itiod and increas- 
ing the TMGa 4t)X to achieve surtiacc satuxation ^isiec 
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V, CURRENT CHAULENGES FACIMG THE ALE 
TB( IQVE AND RECENT m^V COMPOUNDS 

. The ALE technique has suffered from several shortci 
ings ih*t we believe have delayed its poteniisO sppUdti 
and discouraged many researchers.'^ The first problem is 
very low growth rates, in some cases as Jow as 0,02 
Some- recent improvtment in the growth rate was achier 
and a growth rale pf —0. 1 >mjA was reported, which wc i 
believe to be discouragingly slow. The main reason for s 
a low growth rate u ibe ComtoonSy us^d approach based 
exposure/purging each of the reacunts with a ventftun ma 
fold eonfiguraiiojj,^'* The finite gss reactor residence ti 
and Valve switching times win always lead tg the growth 
only a faction of a furt/h. The approach We adopted ia t 
, laboratory* relies on loiating the substrate between the c 
fcr^t sou/ec gas streanis that ar* contmuously fiowi 
throiig^ a specially designed veiricaj teactor. The growth * 
vnD depend on the substrate rotation speeds.^.Growth rates 
the range of 0.4-1 ^ao/h can be achieved with t 
approach.*' Such growth rates are comparable with tht 
teported by MBE. 

The second proBleni fedng Al£ of nT—V comptHtnds 
the high caiiwto bacJcgroimd in the ALE grown fSn 
Recently/^ tmdoped GaAs with background eleccron oc 
centratiofts in the high lO*Vcm^ to low 10*Vcm-* was gro* J 
in otir laborati^. The liquid nitrogen temperature niobil \ 
was —30 000 cm'^/V s» which is reasonably adequate far sc j 
eral devices. The device quality GaAs filtns wen: achicr 
by optimizing growth conditions such as growth tenogxp 
ture« Ruts, of tcoctants and exposure times. Thus, we belie 
that at least for OaAa the ALE tecjiniqne can prowde fitr 
with convenient growih rates and good electrical pro|Htr&r 

Another problem fzcmg AL^ is die synthesis of terns 
alioys i^ch as AlGaAs and InGaAs required for hecerostnt 
turea with different binary compound^. Ttie problem wf 
ternary ajloys is the lack of compatible group lH precuiso 
that wQl ailhcre to the sdf-Iiniiting process, at the saa 
growth temperature.^* 

Most of these di£Sculiitfs have been addresed $uc»es 
fiiUy ming Al£ growdi system that r^es on die rotattr 
substrate aj^rosch.'"*''' Kecenr achievements m the HI— 
codpound area can be summarized as follows. 

<i) ALE with growth rate 3*2 fmi/hJ^ 

(2) ALE of device quality teroary aUoyfi such as AIOM 
andloGaP.^-^ 

<3) AL£ of scvera} devices sadh as pianar-^oped fid 
c£f«4 tnutsfetor*'^ hetetoitmctiofi b^lar transistor,** stoia^ 
Capacitance,'^ and resonant lunneHing diodes.^ 

Sfl.ALEOFSlUCPN 

for 11-VX or iU-V conjpound seraicondiictors, the At; 
growth has been ad&cved by scqtie&tial injec^ns of sonrc 
gases ctntfiitiing respective components of semfconductDt: 
whose faeterogeneons reactivities change with sur^ 
Conditions,'® On the other hand, group IV senuctmducxor 
are constructed with dnly one cotuponenL. Therefore, ALE a 
gtoup tV dement consists of the two. processes as follows^ 
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during Ibe SI^U gas pnliiC- The filiS ffO*Vb tempmBttc was 250 *C titc 
&F ImdiBum eottg; dcosiiy E wds 440 mi tJo'\ ind ihi; mnnbcr of lastt 
ptoses, pea- gas p«bt itp 10, 



rated (l>tfl);;2H dUiydridz suiface daring St^H^ adsorpiign 
ajEpcnments at looiii temperature^ Hcwcver, the iacid&at 
flux, and heiace the rime of expbsnxe, id the latter case was 
~4 oidets of In^g^■itudc lower tban that employed in the 
present gunstb Icineiics experiments. 

The ALE growib mc was aJso found to be coTtstant far a 
wide Tftnge m inciAvat UV cueigy densitits. "While A£ re- 
roained "150 mJaJn"'. J^n^ had to decreased as the 
substrate tempexattniii uwrtased in oirfex to achieve the same 
peak temperitures, la all cases, thft lascp-mduced lEinpera- 
ttuo was $u£ljcisQt Ut cause complete removal of the hy^to- 
gen but 1«5S (£han tkat; required far mdtiiig- One-dimensional 
h^t-fiow calculalioni!, ba^d upon optical absorpdon and in- 
ccfporatiijs tcmiwrsiture-depea^^iiJt licrmal paiamcrers,^ 
werc uAed to est'im^tu the mehing threshold ^ a fimction of 
r, and E. For 22 as liiF itradisdoii, the l/« absorption depth 
is "5.6 mn and tfie tl^ureshold energy density for mejiiiig was 
fonnd to vaiy ftom 4130 to 410 mS cm'* as r, was increased 
from 250 to 400 "(X Ai 7^=^250 "Q. AI£ growib with 
li-*OA ML pEi grcwih cydt was obtained for 300<£^<:470 
inlcm~\ wliilc £ar T,=u«X»*C the measured useable E 
range was 220-3^15 lioJ cm"^. 
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Fks. Tbickncfis per unit ALE cjrdt as a fiioaion of ib« H, g 
wilUa ft) ALE cycle. 



VIH. ALE OF SlUCON USING ATOMIC HYDROGEN 

The second way to is to use SiHaCJa with a reducer muds 
more active than Hj. The ijse of atomic hydrogen (H) as a 
reducer in Si AIB growth was reported.^ H atoms are able 
to be created easfly aftd plasma-frcely t»y decomposition of 
usmg an incandescent tunesteu fijament.^^ Si ALB 
grctwth by sequeittia] exposure? into SiH^|}2 ^ ^ source 
and H as a reducer gas was sntcess^y reponcd^ and ideal 
monolayer growth per cycle has been demoimiaied at 
540 ''C The ALE system u&cd in tlaeir efpeiimeiir was as- 
sembled as shown in Fig. 5, Figiire 6 shows ihe e™wth rate 
as a function of the injected H2 S^s volume per cycle with 
the sul^suate iftmperaiure of -650 WJieD the SlamcQC was 
not used, no growth occuircd, however, with the filamenL the 
growth rate increased with volume. This imeans that H 
atoms were effective for CI re4votion at low tcmpeiaturcs. 
Reaching 1 ML/cycle. the growth rate wss sanaated, the 
ALE growth was achieved in spite of very low suhstme 



Si(lll) 





Tsub=eS0'*C 



iWUcyde 



Tsub=510'C 



SiHaCUVOUUME (cmVcyde) 



Pic, 7. Thlcijiew per unit AXJE cycio ms a tuncAm at tbc SiHzO^ g 
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- - ' tEmperatiires, E^gure 7 shows thcjgrowth rate as a ftmCTion of 
^ the SiHjCt, gas volume H the s^'u temperatures of 520^ 

650, aqd 790"C.^ Only the sliivc^la g3S fiow rate ^ras 
changed and Other paratn«tets wele kept cqnsiant. At 520 "C 
the ^growth rate increased with ehi; gas volume, btit was less 
than 1 Miycycle. M 650 "C thejitrowth raie inaeasfid up to 
1 ML/cyde with the gas volume and is saturated. In this 
saturation region, ALE growth vn\.s achieved. At 790 °C, the 
growth rate incrEased over 1 MlUtycle wriili no clear saima- 
tiofl. 



DC. CONCLUSIONS 

. ALE growth of m-V and siltcoD has been outlined. Self- 
Hmited processes have teen obseived in both cases. ALE of 
lit— V cc4Upound5 bss pioducwl device quality fUdS and 
snt&^f-the-art devices. Tac quality of ALE Si films Is not 
yet known, 
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